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INTEGRATED QUANTUM COLD POINT COOLERS 



BACKGROUND OF THE INVENTION 



1. Technical Field: 

The presenz invent i-jn relates to devizes for cooling 
5 subsr.an-:^es 5uc:n as, f-jr examc-le, integrated circuit 
chif'C, and move particularly, :he present invent. i-jn 
r elates to cne rm-jelecr. ric c-:>:-ler:? . 

2. Description of Related Art: 



10 amc-unt of hear, generated l:)y the i-ircuits within the 

cc^mputers continues to increase. For many cir-::uits and 
ar-ri'l icat ic-ns , i ncr eased heat degrades the ti-er f c-rmance of 
the C'jmputer. These circuits need tc- be cioled in order 
t'j perf-jrm mcst. efficiently. In many low end c ^mj-uters , 

15 such as pers-:-nal cc'mpur.ers, tne comr-uter may be c-:-oled 
merely t^y using a fan anci fins f-zr convective cc-oling. 
HC'Wever, for larrer ccmp\.ters, such as main frames, tnat 
P'erf-jrm at faster st-eeds anc generate much m-jre heat, 
these sC'lut i'Z'ns are net viatde. 

20 Currently, many main-frames utilize vap-z-r 

cc-mpressic-n ::.C'Olers tc- cc-cd. the cjmputer . These vapc-r 
ccmpressiC'n C'jolers perf-irm essentially the same as the 
central air cc-ndi t ioning units used in many hC'mes. 
H'Z'Wever, vapor c-jmpressic-n cc-<jler3 are quite mechanically 

25 C'l-mpl icated requiring insulation and hoses that must run 
to- vario-us parts o-f the main frame in o-rder to- cc-ol the 
partio:ular areas that are most susceptible to decreased 
perf ijrmano:e due to overheating. 



As the s}jeeoi 0)f coi 



:)mputers co^ntinues to- increase, the 
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A much sim|:>l.er and cheaper type -jf cooler are 
t r.ermoelectric coc-lers . Tnerm^jelecr r i c cc-olers utilize a 
physical p'rincip'I e kni-wn as the Peltier Effect, h^y which 
E'C curtrent. fr<jm a power source is applied across two 
5 dissimilar materials causing heat to be aic'sorbed at the 
junctic-n of the two dissimilar materials. Thus, the heat 
is remc'ved fr-jm a h:»t substance and may k'e transp'orted to 
a heat sink to be dissipated, thereby cc-c-ling the hot 
suk'Stance. Thermc-el.ectr i c cocders may k-e fabricated 
10 within an integrate-:! circuit chir:> and may cool specific 
h'l't spots directly without the need f-jr c-jmplicated 
mechanical systems as is required oy va]:>or compressi c-n 
C'j'jlers . 

Hcwever, cu rrent therm^jelect r ic co'i-lers are nc-t as 
15 efficient as vap-^r cjmp)res3 i 'in c^jjler? requiring mc-ie 
pc-wer t'j ije expiencied zo achieve tne same amc'unt of 
cool inq . Furthermore, current therm-jelect ric cc>':>lers are 
n-i't cap»able of cooling substances as greatly as vapc-r 
C'l-mpression C'j-jlers . There f 'i-re, a thermc-e 1 ect r i cc-oler 
20 with improved efficiency and cooling car-acity woul<i be 
desirable so uhat cc-mpl icated vap-jr cc-mpression coolers 
C'juld be eliminated frc-m small refrigeration 
ap'plications, such as, for example, main frame computers, 
thermal management of hcit chips, r.F c-jimriunication 
25 circuits, magnetic read/write heads, optical and laser 
devices, and autc-mobile refrigeration systems. 
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SUMMARY OF THE INVENTION 

The piresent invent i.(:»n provides a method for fcirmin-^ 
a thermc'element for a therm-je Lect ric c-joler. In c-ne 
enibodiment a first substrate naving a f-lurality of 
5 p-i'inted tips separated by valleys wherein the substrate 
is covered by a metallic layer, portions of the metallic 
layer is cc-vere-:! by an insulator, and c-ther portions of 
the metallic layer are exposed is formed. Tne other 
P'l-rtions c-f the metallic layer that are exposed are 

10 C'jvered with a thermoelectric material overcc'at. A 

seC'jnd substrate c-f thermoelectric material is then fused 
tL- the pciinted tip sice c-f tne first suk^strate by, for 
examrde, heatinq the t-ack -jf the first substrate to melt 
the thermc-electric material C'vercoat or by passing 

15 current through the pcdntea tips to induce Jc-ule heating 
and thereby melt the thermc-electric material overr^i-at. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The novel fe-5;tures believed characteristic of the 
in ve^nt i-jfi are set fc)rth in the apf'^jnded claims. The 
inventi-jn itself, h^jwever, as well as a r:)ref erred mode of 
5 use, further -jb j ect ives and a-ilvant .31 jes thereof, will best 
be underst'jO'il by refererice to the folLowinq detaile<i 
descriptijn of an illusLrative emt'-jdiinenr, wheri read in 
C'jn] unct i«jn with the accc-mpanyino -liraw inqs , wherein : 

Figure 1 depicts a hio^h- level block diactam of a 
10 The rmc-el ect r ic C'l-'j 1 i.ng (TEi?.) >:ievice in acc^'riiance with 
the pri'jr art; 

Figure 2 ciecicts a cr^'ss sect, i'jnal view of a 
the rm-i-e 1 ect r ic c-:-'j ler with ennance-:i st ructure-:! inter faces 
in acc'jroance with the present i.nventicn; 
15 Figure 3 oepicts a planer view c>f the rmc-electr ic 

coi'ler 200 in Figure 2 in accc-r-ilance with the present 
invent: ion; 

Figures 4A 5.nd 4B depicts cr-jss sectional, views of 
tip'S that may r-e imji'l ement ed as c-ne of tips 250 in Figure 
20 2 in accordance with the p-resent invent ic-n; 

Figure 5 depicts a crc-ss sectic-nal view illustrating 
the temr-erature field i::'f a tip- near to a superlattice in 
accijrdance witn the present invention; 

Figure 6 'iepdcts a cress sectional view of a 
25 thermoelectric cC'C=ler with enhanced structurea interfaces 
with al 1 metal tip'S in accoidanc:e with the present 
invent ic-n ; 

Figure 7 dep'icts a cross-sectional view c-f a 
sacrificial silici^n template for fc-rming all metal tips 
30 in acc:ordance with the p-resent invention; 
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Figure 8 'depict s a f'l jwchart illustrat in^g an 

e»jmplary metnc'-:! jf p r-:-':i!^c i ng all metal cones usi ng a 

silici'H sacrificid]. template in accordance with the 

piresent invent i-jn ; 
5 Figure 9 depict, s a cr-oss sectional view of all metal 

Clones fc-rme-.i iisinq patterned phc-toresist in accordance 

with the present inventijn; 

Figure 10 :iepicts h flc'wchart illustrating an 

exemplary method foiming all metal cones using 
10 pihc'tc-resist in acc-jidance with the present inventions- 
Figure 11 'lep' i or. 3 a cr C'Ss-sectic-nal view of a 

t ne rmc-e lect ric c:-? 1 e r w i t h ennanc:ed s t rue tu ra 1 in ter faces 

in whicn the tneriu jole-:-: rii- material rather thsin tne 

TThi-tal •::onduct ino' layer is fi'rmed int'i tips at :he 
15 interface in accc-rdance with the present inventi-jn; 

Figure 12 depdcts a flc-wchart illustrating an 

exemplary methc-d of fal:=ri eating a thermoelectric cooler 

in a'::c::irdance with the present inverition; 

Figure 13 depic:ts ei criss-sectional diagram 
20 illustrating the p-osi. ti -ming of photoresist necessary to 

p-rC'duce tips in a thermielect ric materials- 
Figure 14 o-pdcts a diagram sh-^wing a cc'ld p^jint rip 

ak'Ove a surface tor use in a thermoelectric ccnjler 

illustrating tne pc-si t ic^ning of tne t ip> relative to the 
25 surface in acc-jr-iiance w^ith the piresent invention; 

Figure 15 depicts a schematic diagram of a 

t h e r m-i electric p- c- w o r g o* n o- r a t o r ; an d 

Figures 16A-16J depict crc-ss secitional diagrams 

illustrating a p-rc-cess fc-r fabricating thermoelements 
30 with p-jinted tip- interfaces in accc-rdance with the 

P' resent invent i-: n . 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

With reference n-Dw to the figures and^ in 
particular, wirh reference t-:* Figure 1, a high-level 
blc'ck diagram ot a Tf-ie rm-jelect ric Cooling (TEC) device is 
5 'iiepicted in acc-jrdance witl'i the pri-i-r art. 

The rm-jclect ric cooling, a well known principle, is based 
'jfi the Peltier P'.ffect, by which E'C current fr-jm pc-wer 
source 102 is af'r'lied across two dissimilar materials 
causing ^Leat. 'zo be absc'rije^:! at the junction of the two 

10 ':;is3imilar mat:orials. A typical thermoelectric cc-jling 
'lievice ut. ill zes f'-t. yp'O semi'::L'nduct'jr 104 and n-t.ype 
s em i c •: ' r- d u c t o r- 106 s a ri d w i ■:■ n -li b e t w e e n po o r e 1 e c 1 i c a 1 
=:-'jndu-?t-jrs 108 that have g=:)0':l heat conducting piroperties. 
M-type semicc-nductc-r 106 has an excess -jf elect i~c-ns, 

15 while p'-tyiie semi.C'i-nouctc-r 104 has a deficit ef 
elect i cris . 

As electrons n.-jve fr-:m electrical conauctor 110 to 
n-typ-e semi C':oi:li;ct r 106, :he energy state of the 
eleccr-jns is raised, due to heat energy absjrljed frc-m heat 

20 S'jurce 112. This f-r-:-cess has the effect c-f transferring 
heat energy frc-m heat scur-i^e 112 via electron fl:-w 
thrijugh n-type semi C'induct <:-r 106 and electrical conductor 
114 to heat sink 116. The electrons dr-i-p to a l-jwer 
energy state <and release the heat energy in electrical 

25 C'jnductor 114. 

The cc-ef f ici ent cf pe r f ^-rmance, r|, c-f a cocding 
ref r igerat-jr, such as thermcelectric cc-cler 100, is the 
rati'j c-f the cccding i::ar-acity of the ref rigeratc-r divided 
by the tc-tal power cjnsumpticn of the ref rigerat-:-r . Thus 
30 the cc-efficient of perfc^rmance is given by the eguation: 



m 
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a/r- rR-KAT 



7 = 



where the term alT,- is due to the th»:irmoelectric cooliri'g, 
the term hi' R is due to Joule heatinci backflow, the term 
KAT is due to thermal conduction, the term I'R is due to 
5 J'l'ule loss, the term alAT is due to work done against the 
Eeltier voltage, a is the Seebeck coefficient for the 
material, T is the temperatui'e of the heat source, and 
AT is the difference in the temperature of the heat 
sc-urce from the temperature of the heat sink. 
10 The maximum coefficient of performance is derived by 

optimizing the current, I, and is given by the following 
relation: 



7. 
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where £: is the efficiency factor cf the refrigerator. 
The figure of merit, ZT, is given by the equation: 



where k is cc-mpijsed c=f zwo c-i-mponent s : X. , the c jmp'onent 
due to electrons, and A,;,, the component due to the 
Lattice. Therefore, the maximum efficiency, s, is 
achieved as the figure of merit, r,T, apprc-aches infinity. 
The effi.clency o[ vap-i-r compress^jf r e f r igerat<jrs is 
ap'prC'X imate ly 0.3. The efficiency of nvent iona 1 
thermC'C Lect r ic cc-cders, such as t:ierm=jelectric cc-oler 100 
in Figure 1, is typicaily less than 0.1. Therefcre, to 
increase the efficiency c>f thermielect ric coolers to such 
a range as to cc-mpete with vapor compression 
refrigerators, the figure of merit, ZT, must be increased 
to greater than 2. If a value for the figure 'jf merit, 
ZT, of greater than 2 can be achieved, then the 
therm-: e Lect ric cc-jlers may be staged t achieve the same 
efficiency and cc-oiing capacity as vap-:»r compressi-jn 
ref r ige ratcvrs . 

With reference t-:-- Figure 2, a crc-ss sectic'nal view 
c>f a thermoelectric c-Z'Oler with erihanced structure'^ 
interfaces is depicted in accordance with the present 
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iriv-jriticir': . The rnioe 1 ect r i.c cooler 200 includes a heat 
sour-ze 226 fro:u Vv'hi.::.h, with current I fl■Jwin';^ as 
indicated, heat is extracted and delivered to heat sink 
202. He:it S'jLirce 226 may be thermally coupled to a 
5 s'Soszanc^: that, is desired to be cooled. Heat sink 202 
may t-e thermally c-jujjled i.o -ilevices such as, tor example, 
a heat pipe, fins, and/c-r a c-jndensat ion unit to 
d i s s Lvat o t h e h e a t r em ■ j \ e d f r c^m h eat s C' u c e 226 a n d / o r 
furtner cool heat source 226. 

10 Heat SL'urce 226 is -i^jmprised of p- ryr^e ■dc'pjed 

silicon. Heat s^jurce 226 is tnermalLy c-:'Uple-:l to ri-K type 
d:'ped silicon regi'jns 224 and 222 i-f tips 250. type 
regi'jns 224 an:i 222 are electrical conduct i.n^? -as well as 
bein'j cood thermal conductors. Ea=::h of Mf typ-e renii-ns 

15 224 ana 222 forms a reverse diode with heat s-jurce 226 

such that nc' current f .1 z-ws between heat so\:rce 226 and n+ 
LOQLons 224 and 222, thus providing the elecciical 
1 S'j la tic'n of heat source 226 from electrical c-jnduct-i-rs 
218 and 220. 

20 Heat sink 202 is cC'mprised of p- typ'e dciiec silicon. 

Heat sink 202 is thermally C'juple<d to n-f type CMped 
silicon re'gic-n 204. N+ type region 204 is electrically 
cc-ri'duct ing and is a goc=d thermal cc-nduct -jr . N f tyf^e 
regiijn 204 and heat sinK 202 fc rms a reverse (di'i^de s 

25 that no current flc-ws between the Nf type regtcT; 204 ana 
heat sink 202, thus providin'j the electrical ^sclatii-n of 
heat sink 202 from electrical conductor 208. More 
inf':)rmat ic-n ak'out electri'Cal isolatic-n c f thermoelectric 
cC'Olers may be fc-und in c<jmm«jnly U.S. Patent Uc-. 

30 c, 222, II:-, the contents of which are hereby inc'i-rpc-rated 
herein for all purf-oses. 
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The need f^or forming reverse diodes with n+ and p- 
regi'jns to electrically isolate C'jnducti'jr 208 from heat 
sink 202 and conductors 218 and 220 from heat source 226 
is not needed if the heat sink 202 and heat source 226 
5 are constructed en*: i rely from undoped n«jn-elect r i cal 1 y 
c=jnduct i n-g sili.'::on. H-jwever, it is very difficult to 
ensure that the silicon is entirely undc-ped. Therefore, 
the presence -i-f the reverse diC'des pr-ovided by the nf and 
p- re>gi.jns ensures tha: hear sink 202 and heat source 226 

10 are electrically iscda^ed from conductors 208, 218, and 
220. Also, iz shoulo ;:'e noced :.hat the same electrical 
isoi =it.i-:»n using reverse diodes may be created other ways, 
fc-r example, k-y usin-g p+ type d-jc-ed silic-jn an-:i n- type 
dC'ped siliC'jn rather than the ri'- and nf types depicted. 

15 The terms nf and p'i, as used herein, refer tc» highly n 
d-:-ped and highly p dc-ped semi c=jnduct ing material 
respectively. The terms n- and r>-, as used herein, mean 
lightly n dc-ped and lightly p dcp-ed semiC'i.nduct ing 
ma t r i a 1 r s p e c t i v e 1 y . 

20 Thermc-electr ic cc-jler 200 is similar in c-i-nst ruction 

tc- therrri'jelect r i c ■rcc ler 100 in Figure 1. However, 
N-type 106 anci t'-typ-e 104 semiccinductC'r structural 
interfaces have been replaced with super lattice 
thermc>element structures 210 and 212 that are 

25 electrically cc-upled by doped region 204 and elect rii:al 
cc-n-iluctor 208. Electrical c«Dnduct'jr 208 may be formed 
from platinum (Pt) or, alternatively, from c-ther 
C'jnducting materials, such as, f<:'r example, tungsten (W) , 
nickel (Ni), c>r titanium copper nickel (Ti/Cu/ICi) metal 

30 films. 

A superlattice is a structure consisting of 
alternating layers of two different semiccnductor 
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ma te ri£ils , each severa 1 nanometers thick . Thermoelement 
210 is C'jns t rncte.;! f'roni -alternating layers of M-type 
semi conduct in materials and the super lattice ':)f 
thei m:>element 212 is •::':)nst I'uc ted tr-jm a l.terna t i n r layers 
5 C'f F'-iype semi c jn-iiuct i ng materials. Each -jf the layers 
of a Lterr.at i.n-;! ma:.eria].3 in each of the rm-je Lenient s 210 
and 212 is apc'r-jximately 10 nan«jmeters mm) thick. A 
super 1 it t. ice =:'f two semi-::-:)ndu r.t ing materials has lower 
tnermil >:o)n":iu-:":t i v i r y , a, and tne same electrical 

10 C'jnduct i vi ty, a, as an al l-jy c-jmprising the same tw-j 
semic-jn :;uct Lng mat eria Is . 

In ^ne emkicdiment, supper latt ice therm-i-element 212 
cc>mprises alternating layers c-f F'-type bisniuth 
cha 1 CL'geni-ile materials sucn as, for example, alternating 

15 layers of Bi;Te7Sb To:. with layers of Bi .:3b:.:Te , and the 
sup-er la 1 1 i=::e of therm-: element 210 ccmpri ses al ternating 
layers jf n-t-^'p-e ii'ismuth cna Ic-jgenide materials, such as, 
ftjr examp'le, alternating layers -^f Bi Te. with layers of 
Bi/Se^. Other types of semiconducting materials may be 

20 use:l f-i-r supe rlat t ices for thermoelements 210 and 212 as 
well. For example, rather than rdsmuth chalcc-genide 
materials, the sup-er latt ices of t he rmc-el ement s 210 and 
212 may be cc'nstruct ed from ce-balt antimony skutteridite 
mater i als . 

25 Thermc-electric ceoler 200 also includes tips 250 

thrc-ugh which electrical current I passes intc- 
thermC'Clemenr 212 and then fro^m t hernioelement 210 intC' 
ccneiuctC'r 218. Tips 250 includes n+ type semi conductc-r 
222 and 224 fe-rmed intc p-ointed conical structures with a 

30 thin ijvercC'at layer 218 and 220 c-f cono^ucting material, 
such as, f<:'r example, p-latinum (Pt). Other conducting 
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m.:iterial5 th:it, ni:iy oe used in place of platinum include, 
i'or example, tun-:(5ten (W) , nickel (rH.), and t, Itanium 
copper nickel (Ti/Cu/rii) metal tilms. The areas between 
ari-l 5i2~eund ihe ti.ps 250 and tnerm-jele ::tr i materials 210 
5 ari'ii 212 shoul-:! be evacuated ji: hermetically seaie..:i with a 
:ias su:di as, i'or example, dry niti"c;;en. 

On tne enos -r-f tips 250 ::'jverir.;^ the c-i-n :iuc t in 3 
layers 218 an-:i 220 is a thin layer of semi :.:en-:luct inq 
ma: e rial 214 and 216. Layer 214 is f-Drmed f r:jm a P-type 

10 material havinq :h.e same See'Deck c^jef ticier:t , (X, as the 

nearest layer -i-f the superlattice of therm-je lement 212 to 
tips 250. L-riyer 216 is formed tr-jm an N-type material 
having the s.:ime Seebeck coef f i'::i':-nt , a, as the n-Eiarest 
layer -i-f the rmee 1 ement 210 t:> tips 250. The E'-type 

15 therm^je] -E-ctr i'? ■jverC'jat layer 214 is riecessary f'jr 
therm-i-electr i c c-j-jler 200 to fun=:t i'jn since cO'\'lir.q 
occurs in Che regi-^n near the met-il where the eJ.ectrons 
anc hc'l.es are generated. The n-type therm-: ele-.:.t ric 
■:'Veri::ijat layer 216 is beneficial, r-ecause maximum c-OC'ling 

20 c-ccurs where the gradient (change) -if the .?eebeck 

C'l-e f f i c: i ent i s maximum. The thermc-elect ric I'Verccats 214 
ar,<j 216 are I't ef ei ar-ly in the rar.ge c-f .:-5 n^ncimeters 
thick based upcn p resent invest i<jat ic>:i . 

3y making the electrical ccnduct'E'rs, such as, 

25 conductcrs 110 in Figure 1, intc p-cdnted tips 250 rather 
than a plantar' interface, an increase in tcooling 
effi(Ciency is achievec;. Lattii:e thermal c:oniiu«::t ivi t y , A, 
at the pxjint «: f tips 250 is very small L>eicause of lattice 
mismatch. For example, the thermal Cfonduct ivit y , A, of 

30 bismuth chal^cc-genides is nc^rmally ap'proximately 1 

Watt ./meter^Kelvin . H-jwever, in pointed tip structures, 
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such as t.ips 250, the thermal cc^nductivity is reduced, 
due to Lattice mismatcn at the poinr, to app^r^jximate ly 
0.1 Watt3/meter^p:elvin. However, the electrical 
C'l-nduct ivity of the thermc'electr ic materials remains 
5 relatively unchanqed. Theref-jre, the figure of merit, 
ZT, may increased to greater than 2.5 for this r:ind of 
material. Another type of material that is possible for 
the super lattices of thermoelemenrs 210 and 212 is cobalt 
antim-i-ny s kut ter idi tes . These type of materials 

10 typdcally have a very high thermal con-iluct i vi ty , A, 

making them nc-rmally un-iies i rable . However, by using the 
pointed tips 250, the thermal conductivity can be reduced 
to a minimum and produce a figure of merit, ZT, for these 
materials of greater than 4, thus makinq these materials 

15 very attractive fcr use in thermoelements 210 and 212. 

Another advantage of the cold point structure is 
tnat the electrons are confined to dimensions smaller 
than the wavelength (corresponding to their kinetic 
energy) . This type of confinement increases the local 

20 density c>f states availak^le f<jr transport and effectively 
increases the Seet-eck coefficient. Thus, r-y increasing a 
anid decreasing X, the figure of merit ZT is increased. 

Convent i'jnal thermoelectric coc-lers, such as 
illustrated in Figure 1, are capable of producing a 

25 c:-oling temperature differential, AT, between the heat 
sc'urce and the heat sink of around 60 Kelvin. However, 
thermoelectric cc-C'ler 200 is capable of prc-ducing a 
temperature differential greater than 100 P^elvin. Thus, 
with two thermoelectric coolers couple-il to each other, 

30 cooling to temperatures in the range c-f liquid Nitrogen 
(less than 100 Kelvin) is possible. However, different 
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iTidteriaLs may nee<i tc be- used for thermoelements 210 and 
212. For example, bismuth telluride has a very low a at 
lew temperature (i.e. less than -100 degrees Celsius). 
However, bismuth antimcny alloys perform well at low 
5 tempe rature . 

ThC'Se ot 'jrdlnary skill in the art will aii'preciate 
that ::.he construction cf the thermoelectric co-jler in 
Figure 2 inay vary dep^ending -:»n the imrDl-z-mentat ion taking 
int'j acc'junt the desired c-joling, heat transfer- 'I'.apacity, 
10 curren: and v<jlt.age sup'r^lies. E^^r example , raoie or fewer 
r-i-ws of zips 250 may ioe included than depicted in Figure 
1. The depicted example is not meant t-:- imply 
architectural 1 imitat i c-ns with respect lo the ii-resent 
invent i'jn . 

15 With reference now to Figure 3, a planer view of 

thermc-el ect ric cocd.er 200 in Figure 2 is depicte d in 
acc'ivr 'dance with the present invent ic-n. Thermoelectric 
C'l-jler 300 includes an n-type thermoelectric material 
socti'jn 302 and a p-typ-e thermoelectric material section 

20 304. Both n-type section 302 and p-type sectiL-n 304 
inclu-rle a thin layer c-f cc-nductive material 306 that 
C'l'vers a silic-jn b'jijy. 

Secti«:-n 302 includes an array of conical tip'S 310 
each C'jvered with a thin layer -jf n-typ-e material 308 of 

25 the same type as the nearest layer of the super lattice 

f'jr thermoelement 210. Sect i-jn 304 includes an array C'f 
C'jnic^l tip'S 312 each covered with a thin layer jf p-type 
material 314 of the saitie type as the nearest layer of tne 
super lattice for thermoelement 212. 

30 With reference nc'W to Figures 4A and 4B, a -iirctss 

secti'jnal views of tip'S that may be implemented as one of 
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tips 250 in Figure 2 is depicced in accc-rdance with the 
f-resent inventi'jn. Tip 400 Includes a 3ilic=jn cone 402 
that has t^een f'jrmed with a cone angle -jf app'rox i.mat»:;ly 
35 de-grees. A thin layer 404 of c-jnductinq material, 
such as plaiinMTTi (?t), -jverc^jats tne silic-jn 402. A thin 
layer of t herrn-je lectric material 406 cc-vers :.he very end 
of the zip 400. The c-^ne anale after all layer's have 
been dep'-js it eci is ap^r-jx i mate 1 y 4j decrees. The 
effective p-jinr radius -I'f tipi 400 is app-roximate I y 50 
nanC'iTiet ers . 

Tip' 408 is an alter'native em;j«jdiment of a tip*, such 
as one of tips 250. Tip 408 includes 3 silicjn c-i^ne 414 
with a cc'nducti.ve Layer 412 and thermoelectric niateri.aL 
layer 410 <jver the p-jint. Hc-wever, tip- 408 has a mucn 
sharp-er cone angle than tip 400. The effective pliant 
raaius of tip' 408 is ap>p'r-jximately 10 nan^i-met ers . It is 
not KTiC'Wn at this time whether a lor-jacer or narrijwer c-jne 
angle fcr the tip- is pref erar^le . In the p-resent 
emt'OLliment , conical angles of 45 degrees for the tip, as 
dep'icted in Figure 4A, have r-een chosen, since such angle 
is in the middle of p-ossible ranges of cone angle arx\ 
because such fL'rmatiC'n is easily fabricated frc-m silicon 
with a p'latinuin cvercc-at. This is beca^is^-j a P'.C'H etch 
along the •vlOO:> plane of silicc-n naturally fc-rms a c<jne 
angle of 54 degrees. Thus, after the cc-ndjjctive and 
thermc-e 1 ect r ic -jvercoats have been added, the cc=ne angle 
is ap'P'roximatel y 4 5 degrees. 

With reference now to Figure 5, a crc-ss sectic-nal 
view illustrating the temp-erature field of a tip' near to 
a sup'er 1 att ice is depicted in aci::C'rdance witn the p^resent 
invention. Tip* 504 may be implemented as ijne cf tip-s 250 
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iri Figure 2. 'V\.o 504 nas a effective tip I'adius at its 
sri:;rpe3L pcdnr, a, -i^t' Ia-50 nan-jmeters . Thus, the 
tenpeiatare fiel-ii i^ l=:'Cali2ed to a very small distance, 
r, appr-jximate Ly equal zo J!a or ar-jund .5:0-3 00 nan-jmeters . 
5 Superl attice 502 reed t: :> bo or-Ay a few l ayers thick t j 
limit heat flow. Theref-iae, using p«:)int.ed tip)S, a 
thermoelectric :::'j].er with -jnly ^--lO layers for tne 
super] at t ice is suf f i ::ient . 

Tn..s, f abr i.ca:: i n_:? a t herm^jelect ric cooler, such as, 

10 f=ji example, t.hermc)e le-rt ric cooler 200, is simplified, 
s i e L>nly a few lay^ors of. tne super lattice must be 
f:jLmeu. Alsj, t herni oele -t ric co-iler 200 can r-e 
f alor i'lrated very thin [on the -i-rder o[ 1^:0 nanometers 
tni-::k) E:S c-:>nt rast ea t-:- •:: irivent i-ona 1 th-;- rm-:-e lect r i.-:: 

15 C'j'jlers which are on the -I'r'der of 3 millimeters ov 
greater in thickness . 

■jther advantages of a ther moeiectr i cooler with 
P'i'inted tip interfaces in accc-i -ilance with the present 
invent iC'T inclucie minimizat ion of the thermal 

20 conductivity thrc-ugh the thermoelements, such as 

therm-: elements 210 and 212 in Figure 2, ioecause of the 
tir> interfaces. Alsc-, the temperature/r-<jtent ial drops 
are lo-oalized tc an are-a noar tne tips, ef fo'^tively 
a 1 1 'jwi ng sea liuQ to suh-- 1 O-nan'omet er lengths . 

25 Furt he rm^-re , using p-ci-ted t ip'S minimizes the number 
l<a;/'E'rs needed for sur-erl at t ice thermoelements 210 and 
212. The present invent ic-n also- permits 
ele-::t r c><:;eposit i<: n of thin film structures. The smaller 
dimensi'i-ns also- allow for monolithic integration 0)f 

30 n-type and p-typ-e thermoelements. 

The thermoelectric cO'O'ler O'f the present invention 
may be utilized tO' co'Od items, such as, fo-r example. 
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sp'ecific spots within a main frame computer^ lasers, 
optic electronics, photodetectors , and PCF: in genetics. 

With reference n-jw to Figure 6, a cross seccional 
view of a thermoelectric c-joler with enhanced structured 
5 interfaces with all meral tips is depicted in accordance 
with the pi'esent invention. Alth-ouch the preserit 
invent i'jn has been descrir-ed ak'ove as having tips 250 
cc-nstructed frc^m silicon cones ccmst ructed from the n+ 
semiconducting regions 224 and 222, tips 250 in Figure 2 

10 may be replace-:! by tip^s 650 as depicted in Figure 6. 
Tips 650 have all metal cones 618 and 620. In the 
def'icted emijodiment, cones 618 and 620 are constructed 
fr-jm c-jpp-er and have a nic^^el c-vercoat layer 660 and 662. 
Thermoelectric cooler 600 is identical to thermoelectric 

15 cooler 200 in all other respects, including having a 
thermoelectric overcoaz 216 and 214 over the tip-s 650. 
Thermoelectric cooler 600 also provides the same benefits 
as thermc-elect ric cC'Oler 200. However, by using all 
metal cc-nes rather than silicc*n cones covered with 

20 conducting material, the parasitic resistances within the 
cones becijme very l-i-w, thus further increasing the 
efficiency of thermc-electr ic cooler 600 over the already 
increased efficiency of therm-^e lectr ic cooler 200. The 
areas surrounding the cc-ntact areas of tips 650 tc» 

25 thermoelectric materials 210 and 212 should be vacuum or 
hermetically sealed with a low-thermal conductivity gas, 
such as, for example, argon. 

Also, as in Figure 2, heat sc-urce 226 is cc-mprised 
of p- type doped silicon. In contrast to Figure 2, 

30 hC'wever, silicon heat source 226 is thermally occupied to 
n+ type dc-ped silicc'n regions 624 and 622 but dees not 
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f':rm part c-f ti\e zipped stru::ture 650 as did silic-jn 
regions 224 and 222 d'l' in Figure 2. Nf type d-i-p-eo 
silicon reqicTis 624 an<d 622 do still perform the 
electrical iscd at i-on functic-n r:)er f orme<:l k'y reqi-iTiS 224 
5 anci 222 in Figure 2. 

Several methods may k'e utilized to forni the all 
metal cc-nes as -liepicted in Figure 6. For example, with 
r':'f erenc-e now to Figure 7, a c-ss-sec::. i c^nal view of a 
s.icrificial siiicc-n template tna: may be used fr-r forming 

10 all metal tir-s is depicted in a r.C'jroan-re with tne present 
inventiC'n. After the sacr i f i-?. i a 1 silicC'n template 702 
has been cc^nstructed having C'jnical pdts, a layer of 
metal may be deposited over the template 702 to produce 
all metal cones 704. All metal cones 704 may tnen be 

15 used in thermoelectric coc-ler 600. 

With reference n-i'W tc- Figure 8, a flC'Wchart 
illustrating an exempdary metnt'd 'jf r-r-iniucing all metal 
C'l-nes using a silicon sacrificial template is depi-rted in 
aC':.c>r dance with the present invention. Tc- begin, conical 

20 ?"its are fabricated i:y anisc-t r-jpic etcning of silicjn tC' 
create a mole (step 802), This may r-e cone by a 
C'l-mbi nation c-f KOH etching, -jxidation, and/':»r f-i-cused 
i-:-n-beam etching. ;:uch techniques of far-ricating silicc'n 
I'its ^re well k:\ovjn in the art. 

25 The silicon s^icriflcial template is then coated with 

a thin sputtered layer of seeoi metal, such as, f<jr 
example, titanium (step 804). Next, C'l'P'per is 
el ect rc'cnemi ca i i y aep'i'Slted t-:- fill th-E- valleys (C':-nical 
pits) in the sa^:: r i f ic i a 1 silicMm template, (ster- 806). 

30 The top surface of the cc-pper is then rdanarized (step 
808) . Meth-jds ?f planarizinj a layer of metal are well 
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knowTi in the art. Tho silicon substrate is then removed 
h'Y selective etching meth-jds well known in the art (step 
810). The all nietaL -iM-nes produced in this manner may 
then le covered with a c-jat -jf anc-ther metal, such as, 
5 for example, nl-rkel, and then with an ultra-thin layer of 
therm-: electric n.iterial. The nickel C'vercc-at aids in 
el ect r :-:iep-:'3it i'on of the thermoelectric material 
C'verC'jat: . 

Or.e advantace tc- trds method c-f pr-iducing all metal 

10 cov.es is tnat tne silic:'n sut'Strate meld is reusable if 
the C':-p'per is peeled f ri^m the sili>::on substrate as the 
separ-:! t ic-n prc'cess. Tne silic<jri substrate mold may be 
reuse-:! up to ar*:-und 10 times b':'.fcire the mcdd degrades and 
becomes unusabl e . 

15 F':-rming a template in this manner is very well 

C'l'nt r-: 1 led and produces very uni.fcu:m all n.etal c-jnical 
tips since silic'jn etching is very predictable and can 
calculate slopes c=f the pits and sharpness C'f the cones 
p-rjdu':-e=:i to a very few nan-ometers, 

20 C'ther methods of forming all metal c:ones may be used 

as well. For example, with reference now to Figure 9, a 
crC'SS sectic-nal view c-f all metal cones 902 f'jrmed using 
P'attetn'rd photoresist is depdcted in acccurdance with the 
present invent i':.'n. In this meth<jd, a layer o[ metal is 

25 f<jrmed c-ver the t.-ottc-m r:"jrtions c-f a partially fak^ricated 
thermoelectric .:>:'0]er. A patterned photoresist 904-908 is 
then used to fasrii-jn all metal cones 902 wi.th a direct 
electrochemical etching method. t>ften the tips are 
further sharpene=:i by focused ic-n r^eam mil. li.n:?. 

30 With reference now to Figure 10, a flowchart 

illustrating an exempdary methc-d ot forminc all metal 
cC'nes using phot':iresist is depicted in a :o::-:'rdance with the 
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p-resent invent icTi. To begin, small sections of 
ph-: t'l-res ist are patterned over a metal layer, such as 
c ' J p p) e r , ' : > f a p) a r t i a 1 L y t .a b r i. c a t e d t. h e r n i : :> e 1 e c t r i c c: o o 1 e r 
(step' 1002). The p>h-j:. -i-res is: may c-e p-atternei in an array 
5 'if sectic'ns having ph'i-t^'resi.st wherein each area of 

P'h':'t-:-res i St wi thin the arr ay corresp-jnos to areas i n which 
tips tC) the all metal c-:.-nes 5ire desired to be formed. The 
metal is then -directly etched elect rc-chemica 1. ly (step' 
1004) zo p'T-i'duce cones 902 as depicted in Figure 9. The 

10 ph<:>t':=resist is then rem-jved and zho tips of the all. metal 
ce-nes may t-hen be coate-ii with anc-ther nietal, such as, fc^r 
examp'ie, nic.-:el {step 1006). Ihe sec<:-nd metal cc-at. ing 
■:-ver the all n:etal c^Cies n.ay tr.en lie c<:ated with an 
ultra-thin layer of therm-jeiect ric material (step 1008). 

15 Thus, all mietal cc'nes with a therrrioelect r ic layer on the 
tips may k^e formed whi-rh may used in a therm-^elet-t r ic 
device, such as, for examp-le, thermoelectric cooler 600. 
The all metal conical p-id.nts prciduced in this manner are 
nc't as uniform as th<jse produced using the method 

20 illustrated in Figure 8. However, this methc-d currently 
is cheap=er and theref c-re, if cost is an important factor, 
may l:e a m(jre desiratd.e methc-d. 

Tne depicted methc>ds of f ak>r i.cat irig all metal c-jnes 
are merely examp'les. Other metiiC'ds may be used as wcill 

25 tc- tabri=::ate all metal cc-nes fc-r use with thermoelectric 
C'j'jlers. Furtherm-jre, c-ther typ'es of metals miay t^e used 
for tne all metal cone -Jther than copper. 

With reference now zo Figure 11, a crr)S3-sect ional 
view :)f a tnerm-:-elect ric c<:-oler with erihanced structural 

30 interfaces in which the thermc-electric material rather 
than the metal conducting layer is formed into tips at 
the interface is depicted in accc-rdance with the present 
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invontior. . Th'-rnvjel^.' 3t ric c-Dol^rr 1100 includes a zold 
piate 1116 ari^:l a hot pl^ite 1102, wherein the -I'old plate 
1116 is in thernizil. c-jr.tact with the sub3tan'::e that is to 
be ::joled. Tnermal -inductors 1114 and 1118 ^:•'r^:)vide a 
5 thermal couple betweeri electt^ical conduct in-;T fi'lates 1112 
and 1120 respectively. Thermal conductors 1114 and 1118 
are c-jnst ructe-il of neavily n d-:>ped (n-f) semic'^nducci ng 
ma L e r i a ]. t h a t r ov i de c e 1 e t r i c a 1 is o 1. a t i - jn ;je t wo e n co 1 d 
plate 1116 .and conductors 1112 and 1120 by fo rmlnj 

10 reverse biased oioaes witn the p- material of the cold 
pLate 1116. Tnus, ne-iit is transferred frr.m the cjld 
plate 1116 rnrouan c-:n:iuctors 1112 and 1120 an:l 
eventually -j hi-t pla:.e 1102 fio^m which it can be 
■dissipated witht-ut al bjwinq .=in ele'::trical coupling 

15 icetween the thermoelectric c^jcder 1100 an:l the substance 
thar is to bo ro-:led. Similarly, thermal c-jnducti'r 1104 
prjvides a thermal C'jnnectit'n r-etween electri'i'al 
rondur.tinj pla^.e 1108 and r.oz ijlate 1102, wn 1 1 e 
maintaining electrical is-jlatic-n t^etween the hc-t plate 

20 and electEi<:al cc-nducting p-late 1108 by f i-rming a reverse 
biased dic^dc: with the hot r.lat^E: 1102 p- dt.ped 
semicc-nciuct 1 n 5 material as discussed ab-i've. I'hermal 
ccn-duct-jr 1104 is als-: an n-f type d-tped semi ct-nduct ing 
material. Electrical 'C'jnduct int? p-lates 1108, 1112, and 

25 1120 are cc-ns t ruct ed from platinum (Ft) in this 

emb'tdiment . Hcwever, C'ther mate-rials that are h-C'th 
electrically cc-nducting and thermally c-jnaucting inay be 
utilized as well. AlsC', it shc-uld r^e menticned that the 
are.as surr'juniiing tip-s 1130-1140 prC'Ximate thernj: e lectr ic 

30 materials 1122 ana 1110 shc'uld Ije evacuated tc- pr<:-duce a 
vacuum c-r should be hermetically sealed with a Ic-w 
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thermal C'jnduct i vity gas, sucn as argcin. 

In this emk)'jdinieri t , rathei" than firoviding cc^ntact 
between the tnerm-oeiemenr^s and the heat source (c<jld end) 
metal ele-::t re-iie ( jn^iuet-jr ) thrc)u:|h an array of C'Oints 
5 having metal in the p'olni electrodes 5is in Figures 2 and 
6, the array -jf points of c-ontact between the 
t herm-jelemenc an-:! the me^al electrode is or-jvided by an 
array of points 1130-1140 compjseil of thermoelements 1124 
an'ii 1126. The tips 1130-1140 -jf the present embodiment 

10 may be formed fro^m sincrbj 'Orystal er piolyc-rysta 1 

t herm'jele>::::r ic mare r i a I s k'y elect r'C>chemica 1 •:;t'::hing . 

In er:e emt-'jil i.n:ient , tho- rm-jo-lement 1124 is ^oimp-r ised 
of a super' lattice et sinijle crystalline ir i, l'e-./r)b. Te . and 
Bi .'Sb:.:.Te. and t hermc-element 1126 is formed -of a super 

15 lattice of single crystalline Bi;;Te./Bi:Se . and Bi-Te, . Se . 
Electrically con-ilu r.t ing plate 1120 is coated with a chin 
layer 1122 of the same thermoelectric material as is the 
material c-f the tips 1130-1134 that are nearest thin 
layer 1120. E 1 eoit r i ca LI y C'l.n ducting plate 1112 is coated 

20 with a thin layer 1110 o: the same thermo-electric 

miaterial as is the materiai of the tips 1136-1140 that 
are nearest thin layer 1112. 

With reference nc-w tc- Figure 12, a fl-:>w:tnart 
iilust rating an exempd ary n.ethcd ef fabricating a 

25 thermceleii't ric c-joler, such as, for example, 

thpE-rmc elect ric c-joler 1100 in Figure 11, is -liepicted in 
ac-:-oraance with the present mventic^n. (Iptimized SLn(gle 
crystal materiai is first b'tnded tc a metal ele':trc)de 
1301 t'y conventional means or the metal electrode is 

30 def'ijsited onto the single crystal material to form the 
electrode connection p-attern (step 1202) as depicted in 




Docket N-i). An39;:0010314USl 

Figure 13. Tne other side C'f the thermoelectric material 
1314 is :hen pa:.terried (step 1204) by usi.n^ ph-Dtores ist 
1302-1306 as a mask and the metal electrode as an 5inode 
in an elect r-jchemica 1 bath t=:» etch the surface (step 
5 1206). The tips 1308-1312 as depicted in Figure 13 are 
f ■: rmed by cont r-j 1 1 ing fin-:l 3t-:f)ping the etcnin:j process at 
appr :>pri dte t imes . 

A seC'jnci single crystal substrate is thinned by 
chemj cal -mechan i.ca I p-:> ] i sh ing and then e l.ect rochemi ca 1 ly 

10 etching tihe en:, i re suost rite to nan-jmeter films ':step' 
1210). The sec'jnd ultra-tnin suostrate f'jrms the cold 
'::nd. The tW'j sut'SL I'at ^rs (the jne with the ultra-thin 
therm-delect ric material and the =:>ther with the 
therm-ielectric tipis) are then clamped together with light 

15 pressure (step 1212). This structure retains high 

crys:. dllinity in aid. regl-i-ns -r-ther than the interface at 
the tips. AlS'i", similar meth:-ds can be used tc- fabricate 
pcdy«:- rys t al l ine st ruct ur es rather than single cryst a 1 l ine 
St ru=rtures . 

20 With reference now tc- Figure 14, a aiagram she-wing a 

cc-ld p'jlnt tip abc^ve a surface f'?r use in a 
t hernC'e lect ric coo 1 er i 1 1 us t rat ing the pc>s iti-jni ng o f the 
tip' relative tC' the surface is uepicted in accc-rdance 
with the present invent ic-n. Alrh-jugh the tips, whether 

25 created in as all-metal or metal cciated tip'S or as 

thermoelectric tips have heen aescribed thus far as being 
in ccTitact with the surface ijj: pes ite the tips. Hc-wever, 
althC'ugh the tips may he in ceritact with the C)}:'pC'SLng 
surface, it is preferahle that the tips be very n*E:.ar the 

30 (jpposing surface without fully touching the surfai::e as 
depicted in Figure 14. The tip- 1402 in Figure 14 is 
situated near the op-pc-sing surface 1404 but is not in 
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P'hys ical coritact with the op)p'jsing surface. Preferably, 
the tip 1402 sh.juld be a distance d en the erder c^f 1 
nan'MTieter er less frc-m the eppesing surface 1404. In 
pract Lce, wi.th a thermc-elect r i':: c-joler cc-ntaining 
5 th'jusands C'f tips, s-Mne of the tips may be in c-jntact 

wi:h Che -jpfMiSing surface while i-thers are n-jt in c-jntact 
■:lue to the deviatic-ns frora a perfer.t plane of the 
■jpC'-: si n-g surface . 

By rem-i'ving the uips fr.jm ccnract with the of'p-jsinc 

10 surface, the thermal c-:-nduct i vi ty between the c-jld plate 
ani the hc-t p-late of a therm-jelect r ic coc'ler may ri-e 
reduced. Fdect rical conductivity is maintained, h'jwever, 
■:iue to tunneling o[ electrons between tne tips ^nd tne 
•r-P'r-C'Si ng surface . 

15 The tips C'f the present invent ic-n have also been 

described anci depicted primarily is perfectly p'cdnted 
tips. However, as illustrated in Figure 14, the tips in 
practice will typically have a slightly m-i-re r-i'unoed tip 
as is the case witn tip 1402. However, the clc-ser tc 

20 perfectly pcdnted the tip is, the fewer number of 

sup-er 1 att ices needed to achiev*:- the temperature gradient 
between the cool t emp-erature of tne tip* and the not 
temr-erature C'f the hot p-late. 

Evref er atily , the ra-lLus ot curvature ro of the curved 

25 end of the tip 1402 is on the order of a few tens of 
nanometers. The temperature di fference between 
successive layers of the t hermc-elect r ic: material below 
surface 1404 ap-p-roaches zero after a distance c-f two (2) 
tC' three (3) times the radius of curvature ro C'f the end 

30 of tip 1402. Therefore, only a few layers of the super 
lattice 1406-1414 are necessary. Thus, a superlattice 
material oppc-site the tips is feasik-le when the 
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electrical contact r-etween the hot and cold j:)lates is 
ir.ade usirig the tips of the present invent ic-n . This is in 
cC'Htrast to the f>ri'jr art in which to use a superlattice 
structure without tiji-s, a superlattice C'f 10 000 or more 
5 layers was needeo. t-:- have a sufficient thickness in which 
t'l' 5;llow t.ne temrierature gradient to ap'pr-j^ich zero. Such 
a nuiTik-er of layers was impractical, but using 'jnly 5 or 6 
layers as in the present inventi-jn is much m-jre 
pract ical . 

10 Although the present invention nas t^een 'ilescribed 

primarily with reference to a therm-i-e lect r i c cc"jling 
device {or Peltier >:levice) with t iptp-ed in:erfa::es used 
f':-r C'l-'i'ling, it will be recognized Ijy these skilled in 
tne art that the present invent i-jn may k-e utilized f<jr 

15 generati'jn of electricity as well. It is well recognized 
k^y tn-:-se skilled in the art that t he rmC'e le z t r ic: devices 
can r>e used either in the Peltier mo<:ie (as des<zribeid 
above) for refrigeration ■: r in the Seebeck mcile for 
electrical p-ower generation. Referring n-jw zo Figure 15, 

20 a schematic diagram of a therm-jelect ric p-i'wer jeneratc-r 
is depdcted. For ease c-f understan<:iing and e>:p)lanat ion 
o f tne rm-jelect r i c pc-wer gene rat i on, a the rmoe 1 ect ric 
p'l-wer generator accc-rciing zo the prior art is dep-icted 
rather than a thermc-elect r i c power "^enerat-i-r utilizing 

25 c<jo1 p'Cdnt tips of the present invent ic^n. Hc-wever, it 
sh'Zul-i be nc'ted that in -tne emb-jdinient ot a 
t hermC'C 1 ect r ic p-jwer generator according t^:- the present 
invent i'jn, the thermoelements 1506 and 1504 are repla-zed 
C'O'id. pC'int tips, as f-jr example, any of the- co^od r-oint 

30 tip- embodiments as descrik-ed in 'greater detail ab-i-ve. 

In a thermc'electric p-jwer generator 1500, rather 
than running current thrc-ugh the thermc ele zt r ic device 
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from a p<jwer source 102 as indicated in Figure 1, a 
tenipeirat ure differential, T.— Tl, is created across the 
thermoelectric 'lievice 1500. Such temperature 
differential, T.;-T:, creates a current flc-w, I, as 
5 indi,cated in Figure 15 through a resistive load element 
1502. This is the opposite m-jde of operation from the 
m-jde of C'peration described in Figure 1 

Theref-ore, other than replacing a power source 102 
with a Ic'ad resistor 1502 and maintaining her.t elements 

10 1512 and 1516 at differential temperatures T, and 

respectively with heat sources ■j,; and Qi respectively, 
therm«:-elect ric device 1500 is identical m cjmponents to 
thermoelectric device 102 in Figure 1. Thus, 
thermoelectric cockling device 1500 utilizes p-type 

15 semiconductor 1504 an--! n-type semiconductor 1506 

sandwiched k-etween pocr electrical cc-nductors 1508 that 
have gc'Oii heat C'jnducting pr^jperties. M-jre Information 
about thermC'Clectric electric p-jwer generati<:'n may be 
f'jund in C ?.C H a n dYj o o k o f T h e r mc> electrics , edited by D. M. 

20 Rowe, Pn.j., D.Sc, CP.C Press, New York, (1995) pp. 

4 7 9-483 and in Advance'^ Snaineering Thernodynamics , Ind 
Editi'i-n, by Adiran Bejan, John Wiley -St Sc-ns, Inc., New 
York (1997), pp. 675-t:-32, both of which are hereby 
incc-rporated herein fc-r all purposes. 

25 With reference now to Figures 16A-16J, cross 

secti'jnal diagrams illustrating a process for fabricating 
thermcielements with pointed tip interfaces is depicted in 
accordance with the present invention. The 
therm'jelement s fabricated with this merhc'd may be used as 

30 thermcielement s for a thermc-electric coC'ler such as, for 
example, thermoelectric cooler 200. To begin, a pointed 
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tip substrate 1602 sush .:is, for example, a silicon 
suii'Strate or C':'p]:)er substrate peeled frc-m silicon molds 
as described abcive, is f-jrmed as :lepicted in Figure 16A. 
Next, the pointed t if" substrate 1602 is cC'iited with a 
rr.etal layer 1604, sucn as, for examrde, titanium (Ti) or 
P'latinum (rt), by, fc-r example, a sputtering or an 
ev^iC'or Eit i'jn pr-:-cess, as depicted in Figure 16B. A thin 
insulator 1606, sucn as, for examiple, silicon di-oxide, is 
ae^'Osited c-ver tr.e me:.al layer 1604 as 'derid.cted in Figure 
16C. Tne valleys between tips 1610-1612 are filled with 
a sacrificial planarizing dielectric 1608 such that only 
the tips 1610-1612 of the metallic and insulator coated 
po-inte'il tip sur-sti'ate 1602 is exr^i'Sed as oepicted in 
Figure 16D. 

Mext, the sacrificial dielectric 1608 and thin 
insulat'jr 1606 are etcheo tc-getner uncil the tips 
1610-1612 are exposed as depicted m Figure 16E. A 
thermoelectric material cvercc-at 1613-1615 is then 
se 1 ect i ve 1 y g r-: wn k-y elect rochemi cal met he -lis o r chemi c al 
vapor depositi-:-n ('[".VD) over :he tips 1610-1612 to a 
thickness of appicximately five (5) nanc^meiers as 
depicted in Figure 16F. line sacrificial dielectric 1608 
is then remc'ved <5S depicted in Figure 16G. The pjinted 
tip sur-strate 1602 with I'Oinreo tips 1610-1612 is 
mechanically aligned with a sut'St ant ial 1 y flat surfaced 
thermc'electric surstrate 1617 as depicted in Figure 16H. 
The single crystal thermoelectric substrat^r 1617 is 
P'l-lished L-n c-ne side 1619 and metallized by sputter 
dep'jsi.tion of Ni 1618 on the oppc-site side. The end of 
p'l-inted tip sui:-st rat(Er 1602 c-ppC'site pointed tips 
1610-1612 is heated t-j apprc-ximately 550 degrees C'elsius 
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iri order to mel.t. the over::oats 1613-1615 and fuse the 
Tr; materials on the tips 1610-1612 to thermoelectric 
substrate 1617 3is depicted in Figure 161. Alternatively, 
a current may be passed "hrough the tips 1610-1612 to the 

5 pC'int that Jeule heat melts tne thermoelectric material 
1613-1615 near the tips 1610-1612 in order to fuse tne 
tips 1610-1612 to tnermoele::tric substrate 1617. 

The present invent ic-n ha? been described p^rimarily 
with referenc:e to cc>nically shaped tips, however, -jther 

10 shapes of ticis may be utilize^; as well, such as, ior 

example, p^y ramidical ly snar-ed tips. In fact, the shape 
of the tip C'jes n-i't neei to be symmetric or uniform as 
I'jna as it f^rcvides a discrete set of substantially 
P'l'inted tips thrc-ugh which electrical conduct i-:-n t'etween 

15 the tW'j ends «:'f a thermc-e lect r ic coc-ler may be prc-vided. 
The present invention has apr'l ica t ic-ns to use in any 
small ref rigerat i'l-n ap-pl icat io-n, such as, for example, 
cc-'iling main franie computers, thermal management of hot 
chips and RF cc-nimunicat ion circuits, cooling magnetic 

20 heads for disk drives, automobile refrigeration, and 
cC'Oling 'jptical and laser devices. 

Tne ces ^r i p't i -I'n cf the p-resent invention nas been 
presented fc^r purpC'Ses c-f illustration and descr ip-t i'jn, 
k'Ut is n'l't intendeci tC' be exhaustive or limited to the 

25 invention in the fc'rm disclC'Sea. Many mc'd i float ic^ns and 
variatic-ns will be app-arent t-:- those of ordinary skill in 
the art. The en.bodiment was rhc-sen and described in 
c-rder to best explain the prin'rip-les of the invention, 
the practical ap-plication, and to enable others of 

30 ordinary skill in the art to understand the invention for 
various embodiments with vari'jus modifications as are 
suited to the p-articular use contemplated. 



